Abstract-Propagation of electromagnetic waves in forest environments is examined in which both the transmitting and receiving points are located in the trunk layer of a four-layered anisotropic forest model. This propagation model considers the forest as a horizontally stratified, anisotropic media of canopy and trunk, bounded by ground below and air above. The electromagnetic fields are obtained using dyadic Green's functions in their eigenfunction expansion forms for an anisotropic four-layered geometry. Analytical results are found for the fields, which consist primarily of three wave modes: a direct wave, multiply reflected waves, and lateral waves. These field constituents are compared, and their domains of preponderance are calculated; it is found that the lateral wave plays a major role in communication at large distances. Radio losses for typical forest are calculated to illustrate numerical application of the forest model.
I. INTRODUCTION

I
T HAS LONG been recognized that communications by means of radiowaves in forest environments are hampered by transmission losses which are substantially higher than those occurring in the absence of vegetation. This has stimulated a number of experimental projects [1] - [4] and theoretical studies [5] - [9] . Tamir [5] has suggested a half-space model to deal with the radiowave propagation in forests and has explained the associated phenomenon dominated by a lateralwave mode of propagation. Sachs and Wyatt [6] , Dence and Tamir [7] , and Cavalcante and Giarola [10] considered the forest as a dissipative dielectric slab bounded by ground below and by an air region above to account for the effects of the ground on radiowave propagation. Tamir [8] pointed out that, in applying this slab concept to propagation in forest, the highest frequency should be around 200 MHz. Above 200 MHz, these slab models are poor because vegetation cannot be regarded as a homogeneous medium with dimensions of the order of wavelength.
Lately, a four-layered model has been widely adopted and commonly used in the analysis of a wave propagation mechanism in forest environments [11] - [15] . Two lossy dielectric layers placed over a semi-infinite ground plane are used to Manuscript received April 13, 1998 ; revised October 26, 1998 . This work was supported in part by the NUS/Telecoms Joint Research Project, under Grant 018.
The authors are with the Communications and Microwave Division, Department of Electrical Engineering, National University of Singapore, Singapore 119260 (e-mail: LWLi@nus.edu.sg).
Publisher Item Identifier S 0196-2892(99) 04339-9. represent the crowns and the trunks of the forest, respectively. This is an attempt to take into account the vertical nonhomogeneities of the forests. In the investigative works of Cavalcante et al. [11] and Li et al. [14] - [16] , the forest is represented by two isotropic media, while anisotropies are introduced in the media for the model considered by Seker [12] , [13] . The problem of the propagation of electromagnetic energies through a multilayered medium has been studied extensively [17] - [19] . These studies have concentrated the analysis of electromagnetic wave propagation based on the use of Hertz potentials. A more compact and general analysis may be obtained by using dyadic Green's functions, which is well described by Tai [20] and found in the literature [21] , [22] . A generalization of the dyadic Green's functions for the case of an -layered anisotropic medium has been recently obtained [23] in terms of cylindrical vector wave functions.
The present work is a further extended study of radiowave propagation when both the transmitting and the receiving antennas are located in the trunk layer of the forest, relative to the work for the isotropic forest. Two electrically anisotropic canopy and trunk slabs positioned between a flat ground below and an air region above are employed to describe the forest configuration, so that the complete model involves three interfaces, namely, air-canopy, canopy-trunk, and trunk-ground. This model is analyzed using dyadic Green's functions in their vector-wave eigenfunction expansion forms for the case of a four-layered medium, as described in [23] . From these functions, the electric field, in integral form, of the electromagnetic wave radiated from an inclined electric dipole is obtained.
Unfortunately, the integral representation of the solution is sufficiently complicated such that considerable effort is required before numerical computations can be obtained. At suitable ranges, it is possible to obtain an approximate analytical evaluation of the integral, so that closed-form solution is possible for the problem. As a consequence of this asymptotic evaluation, a radiowave propagating within the forest is found to consist of three components: a direct wave, multiplereflected waves, and lateral waves. It is also found that the lateral wave is the dominant contribution to the field at large distances.
This paper consists of three major sections. The anisotropic stratified forest model is described in Section II as well as the outline of the dyadic Green's function technique for deriving the electric field. In Section III, the formal mathematical asymptotic evaluation of the integral solution of the electric field is presented, thus making it possible to discuss the various wave contributions to the radiated field. These analytical results are then used for the numerical application of the model in Section IV.
II. FOUR-LAYERED ANISOTROPIC FOREST MODEL
The anisotropic stratified model for radiowave propagation through forests is shown in Fig. 1 . As seen in this figure, the forest is made of electrically anisotropic canopy and trunk slabs, positioned between electrically isotropic air and ground. The heights of the canopy and trunk layers, measured along the -direction are and , respectively, while the heights of the air and ground regions are infinite. The canopy and trunk layers are characterized by uniaxial dielectric permittivity tensors and , respectively, of the forms ( )
in which and are the transverse and longitudinal components of the permittivity tensor of medium in the region , respectively. The scalar permittivities of the air and ground are denoted by and , respectively. All four regions are assumed to be magnetically isotropic and characterized by the free-space permeability . It should be pointed out that the vegetated medium parameters used here represent the stochastic nature of the forest. The choice of this model may lead to a closed-form solution of the wave expressions in the structure so that the wave characteristics can easily be seen physically.
The transmitting antenna is represented as an electric dipole with an arbitrary inclination angle with respect to the boundary plane between layers, located at a height of above the ground. Thus, the electric current density of the dipole may be expressed as (2) where denotes the height of the dipole, and and stand for the horizontal and vertical dipole moments, respectively. The electromagnetic fields are assumed to have a time dependence of the form exp( ). The electric field due to the inclined dipole in the trunk region, using the dyadic Green's functions provided in [23] and from the equation (3) is obtained as (4) where the scattering coefficients are provided in [23] and hence will not be given here so as to save space. The superscript denotes the region in the third layer (trunk), and the following intermediates are defined:
The vector wave functions are defined as
where , the piloting vector used as above is , and the generating (scalar eigen) function is provided by (7) in which is the Bessel function of the first kind and of the th order.
By using the expressions for and and substituting the expressions for the scattering coefficients [23] , the -, -, and -components of (4) may be obtained as (8a) (8b) and (8c) where the terms and the terms in square bracket in (8) are given by
The integrals of (8) represent the solutions of the electric field in the trunk as a superposition of cylindrical waves that are successively reflected from the air-canopy, canopy-trunk, and trunk-ground interfaces with reflection coefficients , , and , respectively.
III. VARIOUS WAVE-TYPE CONTRIBUTIONS TO THE FIELD
To evaluate the integral of (8), it is convenient to convert the range of the integral from to . By using the fact that , and the reflection formula of Hankel function [22] , we can transform the integral of (8) into the Hankel functions of the first kind. We first concentrate on the analytical evaluation of the -component. So, the -component can then be rewritten as (the integral is separated into two terms, one proportional to the vertical dipole moment and the other to the horizontal dipole moment ; each integral will be evaluated separately) (10) To obtain an asymptotic expression of the field, we first note that the Hankel functions of the first kind and of the zeroth and first orders, and , have the following approximations (11a) and (11b) valid for . This condition is almost always satisfied since the frequency of interest here is within 100 and 1000 MHz. These may be inserted into (10) , and the resultant integrals can be evaluated using complex-plane contour integrations. In addition, the reciprocal of the may be expressed in an infinite series form (using a binomial expansion) as (12) Together with using the complex transformation , the radiated field integrals in (10) may be rewritten as (13) due the vertical dipole (denoted by the superscript ) and (14) due to the horizontal dipole (denoted by the superscript ), where the intermediate is given by (15) while is the integral path in the complex plane corresponding to varying from to . The subscript TM in (13) and (14) is used to denote that the expressions represent waves of the TM mode.
From examining (13) and (14), it is observed that the integrals contain, in the denominator, ( ), which are not single valued. So, it is necessary to consider branch cuts at ( ) in the complex plane. The branch cuts at these points are illustrated in Fig. 2 . There is no branch point at . The cut at corresponds to the lateral wave at the air-canopy interface; the cut at corresponds to the lateral wave at the canopy-trunk interface, while the cut at corresponds to the lateral wave at the trunk-ground interface. These will be evaluated later in this paper. The integrals in (13) and (14) cannot be solved exactly, however, an asymptotic approximation suitable either at relatively larger distances from the transmitter or at high frequency can be obtained by adopting the saddle point method. The original contour is then deformed to the steepest descent contour through the saddle points ( ). Both integral paths and SDC are pictured in Fig. 2 . As a result of these contour integrations, the total -component of the electric field is then given by (16) where the superscripts and stand for the fields derived by the saddle point method and the branch-cut integral, respectively.
The radial distance is usually large relative to the heights of the forest canopy and trunk layers, so the saddle points from (13) and (14) are found to be (17) where are the angles of incidence at the boundaries and are the angles of total internal reflection that can be assumed to be nearly zero since the radial distance is relatively large. It should be noted that many saddle points are possible ( ), which are illustrated in Fig. 2 . When , the direct wave results. Applying the technique of the saddle point method, which is available in the literature [24] - [26] , we obtain (18) and (19) Both the vertical and horizontal polarization of the dipole have been considered in the analysis here. The expressions in (18) and (19) refer to the direct wave (for ) and the -time multiple-reflected waves (for ). The vertically polarized direct wave is given by [from (18) when ]
There is an infinite number of paths associated with multiplereflected waves ( ). The reflected multipath components can be formulated as combinations of the composite forest reflection coefficients, , ,
. These propagation paths are actually located in the forest. So when is large, these terms decay exponentially because of the attenuation of forest. The dominant reflected waves are those that are reflected only once by various interfaces. The vertically polarized fields associated with waves once reflected from the air-canopy and canopy-trunk interfaces, and from the ground plane are, respectively
Geometrical representation of the direct wave and the singly reflected waves has been depicted in Fig. 1 .
Next, the integral around the branch cuts must be ascertained. There are three branch cuts in the complex -plane, and we first consider the branch-cut integral around the point (contour ). Focusing our attention on the vertically polarized wave, we obtain , where the superscript means the contour , as
where The horizontally polarized wave , due to the contribution from the cut at , is derived in the same way In (34) and (35), the substituted parameters are defined in the Appendix.
As shown in Fig. 1 , lateral waves along the air-canopy and canopy-trunk interfaces are depicted. The lateral wave along the trunk-ground interface, however, does not contribute much to the electric field since the ground is highly lossy. Therefore, it is negligible and is not shown in Fig. 1 .
Similarly, by following the procedure demonstrated above, the direct, multiple-reflected, and lateral wave contributions to the -and -components of the field can be determined. Using the saddle point method, we have the -and -components formulated as 
The lateral-wave contributions to the -and -components of the field, likewise, can be evaluated by branch-cut integrations about the branch points. They are presented below ( , , and in the superscript denote lateral wave at the air-canopy, canopy-trunk, and trunk-ground interfaces, 
Other intermediate parameters are defined and given in the Appendix. Note that there is a repetition of the parameters used for the three different interfaces (air-canopy, trunk-canopy, and canopy-ground interface).
IV. NUMERICAL RESULTS
The stratified forest model described in Section II is employed to predict the performance of communication systems operating inside the forest. Specifically, the numerical computation of basic transmission loss within the forest using typical parameters of forests is carried out. For the forest model, the basic transmission loss (in decibels) can be expressed by (48) where is the horizontal distance between transmitting and receiving antennas in kilometers, is the radio-wave frequency in megahertz, and is the free-space electric field in the presence of ground only. Therefore, it is seen that the transmission loss is defined as a ratio of the field in the presence of vegetation to that in the absence of vegetation.
Numerical results for the radio losses are computed in this paper and shown in Fig. 3 , using parameters suggested by Cavalcante et al. [11] in the frequency range of 2-250 MHz. Under these conditions, it is adequate to represent the forest by homogeneous and isotropic media; thus, . As observed in Fig. 3(a) , our theoretical results are in good agreement with the experimental data given by Dence and Tamir [7] . It is noted that the lateral wave along the upperside of the air-canopy interface is the dominant wave at these frequencies. In Fig. 3(b) , the radio losses calculated using the lateral-wave contribution to the field are shown as functions of the horizontal distance between transmitting and receiving dipoles with vertical, horizontal, and inclined polarizations. The optimum inclination of the transmitting dipole is found to be 79.33 for this case. Also, it is found that the optimization formula given in [10] was not correctly formulated.
At frequencies above 200 MHz, the isotropic forest model is no longer valid; instead, an anisotropic medium has to be assumed. The dielectric parameters of the anisotropic forest model have been obtained by Seker [12] and are actually used in this paper to calculate the transmission losses in forests. According to [12] , so far as the mean field is concerned, an ensemble of discrete scatterers (such as tree trunks, branches, or leaves) may be replaced by an equivalent continuous, homogeneous, anisotropic medium described by an effective dyadic permittivity in the form as (1), or alternatively, by an effective dyadic susceptibility in the form of (49) In the following figures, the effective dyadic susceptibilities of the canopy and trunk to be used in this paper are reproduced from [12] and [13] and shown in Fig. 4 [27] . Certainly, the empirical model used as above represents a class of specific forest environment; it may not be able to model all the vegetated forests.
The basic transmission losses of the direct-and multiplereflected waves, lateral waves, and total electric field transmitted and received, respectively, by two vertically polarized antennas at frequencies of 200, 500, and 2000 MHz have been determined for a forest height of 25 m and are shown, respectively, in Figs. 5-7 . The canopy and trunk layers are assumed to be 10 and 15 m high, respectively. Generally, the transmission losses of the waves along various paths are very high in forest environments. The contributions from lateral waves dominate the total electric fields from a distance of 1.8-3.6 km, depending on the operating frequency. Dominance of the lateral waves occurs at relatively large distances. This is a result of the relatively small transverse and longitudinal components of the effective dyadic permittivity of the canopy, which hinder the excitation of lateral waves at the air-canopy interface. Physically, it is due to the assumed horizontal orientation of the branches and the neglect of the leaves. An alternative canopy model, in which the branches are not parallel to the forest floor, also supports the lateral-wave mode, when and only when the transmission and receiving distance is large. In practical communication systems, the transmitting and receiving antennas are usually placed at a distance of 5-10 km apart. Therefore, the lateral wave is still the dominant contribution at frequencies above 200 MHz since it travels mostly in the lossless air region.
V. CONCLUSION
A four-layered forest model environment with two anisotropic slabs representing the tree trunks and foliage is used for the calculation of transmission loss in forests for frequencies in the range of 200-2000 MHz. Dyadic Green's functions in their eigenfunction expansion forms for planarly layered anisotropic media are used to analyze this model. Numerical results are compared with available experimental data, and good agreement is observed. There are primarily three kinds of radiowaves, i.e., the direct wave, the multiple-reflected waves, and the lateral wave. Lateral wave is the dominant wave for frequencies above 200 MHz, except at very short distances, at which contributions from the direct and multiple-reflected waves are the dominant modes of propagation. The earlier studies indicate that lateral wave at the air-vegetation interface is the dominant wave at lower (HF and VHF) frequencies. This concludes that the lateral wave along the air-vegetation interface dominates the electromagnetic fields in large horizontal zone holds at the HF, VHF, and UHF frequencies. The transmitter-receiver horizontal distance at which the lateral wave turns to be the dominant, however, varies with the operating frequency. 
